C limate change has the potential to dramatically affect ecosystem functions and services. It has been predicted that climatic events currently considered extreme in magnitude will become more commonplace (IPCC 2014) . Recent studies have proposed that ecosystems experiencing climate change can sometimes remain in a "safe operating space" by careful management of other local factors (Rockström et al. 2009 , Scheffer et al. 2015 . We explore here whether one of these mitigating factors may be biodiversity.
Biodiversity has been linked to the functioning of ecosystems, including those that are particularly important for human commerce and well-being (Cardinale et al. 2012 , Hooper et al. 2012 . Arguably, the most important service of biodiversity is its ability to provide stability in the face of stressors and disturbances (Srivastava and Vellend 2005 , Balvanera et al. 2006 , Cardinale et al. 2012 . Previous reviews have concluded that high local diversity can stabilize some ecosystem process under changing, episodic, or fluctuating environmental conditions (Srivastava and Vellend 2005 , Balvanera et al. 2006 , Gonzalez and Loreau 2009 , Cardinale et al. 2012 , Gross et al. 2014 , Venail et al. 2015 , Worm et al. 2015 , Wright et al. 2017 . Several mechanisms appear to underlie this empirical result (Tilman 1996 , Hooper et al. 2005 , Downing et al. 2014 . Species may differ in the degree and rate by which their populations respond to stressors, and this asynchrony in response can reduce the variation in the functioning at the community level (MacArthur 1955 , Downing et al. 2014 . Competitive interactions can create compensatory effects between species, in which the sensitivity of one species to a stressor creates an opportunity for a more tolerant competitor. The likelihood of such compensatory dynamics between species increases with the number of species in the community (Yachi and Loreau 1999, Loreau and . For example, the greater the diversity of a zooplankton community, the more stable the community, in part because of asynchronous population dynamics (Downing et al. 2014) . Such insurance effects can also have a spatial dimension, because species can disperse in the landscape across habitats and ensure the maintenance of ecosystem functioning even after local extinctions caused by a stressor (Loreau et al. 2003 , Bouvier et al. 2012 , Wang and Loreau 2016 . Diverse communities may also have greater rates of ecosystem functioning in general, such as through diminished competition between individuals, which can reduce the stochastic impact of stressors on functions (de Mazancourt et al. 2013, Loreau and . For instance, overyielding was an important determinant of diversity effects on stability is grasslands . Given these mechanistic links between biodiversity and ecosystem stability, it has been argued that the preservation of diversity within ecosystems could potentially minimize the effects of several stressors on ecosystem functions, including climate change (Isbell et al. 2015 , Pires et al. 2016 . Although a considerable number of meta-analyses and reviews have now concluded that biodiversity generally stabilizes ecosystem functions (Balvanera et al. 2006 , Campbell et al. 2011 , Cardinale et al. 2012 , Loreau and de Mazancourt 2013 , Cusson et al. 2015 , it is still not clear whether this generality will hold in the face of climatic stressors. That is because climatic stressors may affect the metabolism and resource uptake of individuals in a community, and such strong direct effects may overwhelm any effects of community composition for ecosystem processes (Lanta et al. 2012 , Pires et al. 2014 . In this study, we tested whether the observed effects of biodiversity on the stability of ecosystem processes apply equally to the particular stressors associated with climate change. The answer to this question may depend on the measure of stability (e.g., resistance, resilience, or recovery), the climatic parameter manipulated (e.g., rainfall or temperature), the type of ecosystem and organisms involved, as well as the methodological approach. We therefore also consider these variables in our analysis to determine whether insurance effects against climate change are contingent or general.
In order to compare the stabilizing effect of biodiversity with regard to climatic stressors versus other stressors, we compiled 342 measures of the effects of biodiversity on stability from 91 publications. We searched for studies that verified directly the effect of a diversity metric (species richness, equitability, diversity, or functional metrics) on a stability metric (temporal and spatial variability, resilience or resistance). We considered changes in temperature and water availability to be climatic stressors because they can be directly linked to predicted climate changes (IPCC 2014) . Although climatic changes are also indirectly associated with changes in other conditions (e.g., ocean acidity and storm frequency), there are not enough studies manipulating these conditions in combination with biodiversity to merit inclusion. Temperature and rainfall have generally been manipulated by altering their mean distribution, variability, and occurrence of extreme events as push perturbations. Few long-term biodiversity-ecosystem functioning experiments have used rare climatic events, such as a drought year, to explore the ability of biodiversity in stabilizing several ecosystem functions. We compared climatic stressors with other types of stressors, including biotic (invasions, predation, or competition); toxic (heavy metals or lethal compounds); resource (nutrients or some basal resource addition); and others (e.g., salinity, shade, and individual removal). Then, we classified studies in terms of their level of ecological organization (ecosystem, community, or population); taxonomic response group (animal, plant, or microbes); ecosystem biome (aquatic or terrestrial); and approach (experimental or observational).
Biodiversity imparts less resistance to climatic than to nonclimatic stressors Our results show that biodiversity promotes stability regardless of the response measured, the approach followed, or the type of organisms studied (figure 1; supplemental table S2; for more details about data collection and statistical analyses, see supplemental material). This result confirms several previous reviews (Srivastava and Vellend 2005 , Balvanera et al. 2006 , Hillebrand and Matthiessen 2009 , Campbell et al. 2011 , Loreau and de Mazancourt 2013 , Cusson et al. 2015 and demonstrates a consistent stabilizing effect of biodiversity on ecosystem functions. The novel conclusion from our study is that the stabilizing effect of biodiversity, although significant for both climatic and nonclimatic stressors, is on average much weaker for climatic stressors (figure 1; table S2). In fact, in some conditions, biodiversity caused a destabilizing effect on ecosystem functions following the imposition of a climatic stressor, especially in observational studies and manipulations of water availability (figure 1).
To understand why the effect of biodiversity may vary between climatic and nonclimatic stressors, we dig further into some of the key differences between studies of these two stressor types. Most studies (67.6%) documenting climatic stressors measured stability as resistance, whereas resistance was measured in 45% of studies documenting other stressors (figure 2). This matters because it is in measures of resistance that the weaker stabilizing effect of biodiversity for climatic stressors is most apparent. For measures of resilience and spatiotemporal variability, biodiversity is as effective as or even more effective than nonclimatic stressors in moderating the effects of water-availability stressors. By contrast, regardless of the stability metric, biodiversity was always less effective in buffering temperature stress than in buffering any other stressor (although we noticed that the response to temperature stress was always measured in terms of resistance and variability rather than resilience). Therefore, the fact that researchers choose nonrandom combinations of focal stressors and stability metrics when designing experiments may have amplified differences in responses between stressor types. However, it does not explain why biodiversity effects on resistance vary between stressor types, nor why biodiversity is less effective in buffering temperature stress than in buffering water stress. We now turn our attention to each of these two questions.
Rethinking what stability means Although ecosystem stability has been characterized with many metrics, there has been little consideration of whether these metrics provide different information (Harrison 1979 , Donohue et al. 2013 , 2016 . Contrary to recent suggestions that the dimensionality of stability is low (Donohue et al. 2013) , our results show a strong divergence between the response of different stability metrics when comparing their responses in face of climatic stressors, suggesting a difference in the underlying mechanisms. Resistance compares the ecosystem function before and soon after the stressor Figure 1 . The ability of biodiversity to stabilize ecosystem functions in the face of climatic and non-climatic stressors. This stabilizing ability of biodiversity is expressed as effect size (ZR, left panel) calculated both overall, and for particular categories (as defined by stability metric, diversity metric, ecological level, study group, biome and approach). Symbols represent weighted mean normalized effect sizes, and error bars are 95% confidence intervals for these mean effect sizes. Stressor types are divided into water stress (circle symbols), temperature stress (diamond symbols) and non-climatic stress (square symbols). Positive ZR values indicate that increasing biodiversity stabilizes ecosystem functions ("Stabilizing effects", light gray background). Negative ZR values indicate that increasing biodiversity destabilizes ecosystem function ("Destabilizing effect"). An asterisk (*) beside row names denotes significant differences between stressor types for the respective class, as reported in Table S1 (P<0.05). Bar graphs (right panel) represent the number of effect sizes in each subcategory that was determined to be negative (black), null (white) and positive (gray).
is imposed and so primarily reflects the abilities of organisms to tolerate a physiological challenge rather than the longer-term, dynamic interactions between species. Diverse communities may be more likely to contain at least some species able to tolerate a stressor and maintain ecosystem functioning. However, this stabilizing effect of diversity requires the species pool to contain a range of tolerances to the stressor. This may be the case for stressors such as shade, nutrient reductions, herbivory, or individual removal, because such stressors often occur naturally at finer spatial scales than at the regional scale of species pools. In this case, we would expect competing species to develop a range of different strategies to exploit either the presence or absence of stressors. However, temperature and precipitation typically change over much larger spatial scales than that of a community, so at the community scale, species may not differentiate in their tolerance to climatic stressors. If so, experiments and observational studies that draw species from a localized species pool containing equally sensitive species may reveal that diversity has minimal benefit for resistance to climatic stressors. Such studies must be interpreted as reflecting a restricted scenario that precludes the dispersal of species or genotypes from different climatic zones into the community experiencing climate change or the longer-term evolution of tolerance.
For nonclimatic stressors, resilience metrics were less affected by diversity than by spatiotemporal variability. Resilience and variability compare ecosystem functions before disturbance with those at a longer time since disturbance and so are affected by both the initial resistance to and speed of recovery from disturbance. Thus, not only are the relative tolerances of species important but also the postdisturbance dynamics of species. Additional effects of diversity can come into play in this recovery phase, including those based on niche complementarity (Hillebrand and Matthiessen 2009 ). The duration of experiments can also determine the magnitude of biodiversity effects on ecosystem functions (Cardinale et al. 2007, Hillebrand and Matthiessen 2009 ). As experimental time increases, species may spatially optimize their match with environmental conditions or mutualistic species, and the types of disturbances that require unique species for recovery are increasingly likely to occur. However, here, we were not able to explore the effect of experiment duration because this covaries with the stability metric, with resistance generally representing a short-term response and resilience a longer-term response.
The positive effects of diversity on variability metrics have usually been explained through portfolio effects or compensatory dynamic effects, both related to asynchrony between species in their dynamics Loreau 2009, Hillebrand and Matthiessen 2009) . However, such effects mediated by population growth and species interactions require time to materialize, so they will only start to be apparent in shortterm experiments. Our results suggest that ecosystems recover faster in terms of the spatiotemporal variability of the function than in terms of the magnitude of the function. To the best of our knowledge, ecological theory does not yet have an explanation for this important difference.
Studies consistently cover only part of ecological space
There is a broader issue of bias in diversity-ecosystem stability research that is revealed by our meta-analysis: To date, ecologists have disproportionately focused on a subset of the potential research space, specifically on experimentally (as opposed to observationally) determining the effect of terrestrial (as opposed to aquatic) plant (as opposed to animal and microbes) species richness (as opposed to other biodiversity metrics) on the spatiotemporal variability (as opposed to resistance or resilience) of ecosystem-level (as opposed to other levels) functions. For example, of all the effect sizes summarized here, 11.4% of studies (39) conform to all six criteria outlined above, a percentage that is 66 times higher than that expected if our categories had been equally represented (figure 3). Although none of these criteria individually is associated with higher stabilizing effects (table  S2) , collectively, these criteria have a large impact: Studies that conform to all six criteria have an effect size that is 29.5% stronger than the remainder (figure 3). Therefore, the result of this bias is an inflation in the perceived ability of biodiversity to stabilize ecosystem functions. Largely ignored in the average are observational approaches (26.3% of all effect sizes), as well as studies considering responses in multiple groups (1.8%), equitability (5%), and measures of resilience (10.2%). There are often practical reasons for these research biases (Caliman et al. 2010) , and systems that are easy to manipulate are often easy to replicate, increasing the statistical power to detect effects. However, we cannot discount that there is also an element of researchers choosing systems, metrics, and approaches likely to yield significant effects. For example, 64% of plant-based studies in our meta-analysis reported significant effects as opposed to 49% of animal-based studies, and the former was represented fivefold more in our database.
These biases may help explain why we found greater stabilizing effects of diversity for water than for temperature related perturbations (figure 1). Studies documenting climatic stressors are almost perfectly confounded with realm: 92% of studies that documented water effects were conducted in terrestrial ecosystems (figure 2), whereas 84% of studies that documented temperature responses were conducted in aquatic ecosystems (figure 2). This bias in systems occurs despite widespread recognition that terrestrial plants will face physiological and phenological challenges from changes in temperature (Jentsch et al. 2011 , Wolkovich et al. 2012 and that many aquatic ecosystems will be strongly affected by alterations in precipitation (Kosten et al. 2009 , Ledger et al. 2012 , Pires et al. 2016 . For example, rainfall regulates aquatic habitat size and permanence, which in turn can affect species colonization and extinction dynamics, species interactions, and the ecological functions performed by species (Ledger et al. 2012 , Pires et al. 2016 , Marino et al. 2017 . The deficit of studies demonstrating either the effects of drought on aquatic ecosystems or temperature in terrestrial ones is quite troublesome. Both of these are expected to be important combinations because (a) these systems are expected to experience these perturbations and (b) organisms' responses will be key in each case to predict effects on functions. For example, aquatic invertebrates can differ substantially in their response to drought (Amundrud and Srivastava 2015) , and this diversity in response should set the stage for diversity-stability effects. In particular, tropical freshwater systems are predicted to be strongly affected by altered precipitation (IPCC 2014 ), but again, we have very few studies of how drought affects tropical environments (but see Pires et al. 2016 , 2017a , Marino et al. 2017 .
Proposing new directions
The data summarized here suggest several priorities for future research. We demonstrate that biodiversity at small spatial scales has the potential to buffer ecosystem functions against many stressors. In addition, because biotic resistance to climate change may require drawing from a regional species pool, the relevant biodiversity insurance effects likely operate at a spatial scale larger than that represented by the classical experimental approach. Together, these observations imply that researchers must consider biodiversity mechanisms at much larger spatiotemporal scales in order to predict the biotic mitigation of climate impacts and to make their results useful for policymakers (Pires et al. 2017b ). For example, recent models have been developed that combine both local diversity and spatial turnover to predict the importance of biodiversity to ecosystem functions at regional scales (Loreau et al. 2003, Wang and Loreau 2016) . In addition, the number of species may simply not be the best measure of biodiversity in an insurance context. Functional diversity has a closer mechanistic link to ecosystem functioning (Mouillot et al. 2011 )-and often outperforms species richness as a correlate of ecosystem functioning (Hillebrand and Matthiessen 2009 )-but was quantified in only 8.7% of studies in our analysis. Finally, in most of the studies in our review, their replicates were invested in creating a continuous gradient for diversity while using categorical manipulations for climate parameters. A better balance of both factors would improve our precision in determining climatic and biodiversity thresholds for many ecosystems functions.
Recent studies suggest that infrequent, extreme values of temperature or precipitation may be more important than changes in mean values in determining the biotic effects of climate change (IPCC 2012 , Thompson et al. 2013 . It is predicted that the occurrence of currently extreme climatic events will become more frequent and commonplace worldwide. However, all the studies reported here manipulated change in temperature or precipitation as a push perturbation (see the data tables in the supplemental materials)-that is, a single event that deviates from ambient conditions rather than a new climatic regime characterized by a distribution of conditions with a temporal dimension. We recognize that single push events are an important dimension of climate change, but we highlight that a short-term change in the mean of one climatic variable does not configure a complete climate-change scenario. In order to be applicable to climate-change research, we recommend that studies use predictions of future climate that incorporate determinism in temporal dynamics, stochasticity in weather events, and uncertainty in climatic forecasts (Knapp et al. 2015) . The potential stabilizing effect of biodiversity could be underestimated-and some stabilizing mechanisms precluded-by considering only a single dimension of climate changes.
In terms of the communities studied, we found that very few studies (12%) manipulate animal diversity. Although there are practical difficulties with manipulating animal diversity, natural or artificial mesocosms have been used effectively here. Animals can have large impacts on rates of nutrient flux in ecosystems. For example, in aquatic systems, a substantial fraction of primary productivity is consumed by animals, and animals can play important roles in nutrient recycling (through bioturbation and detrital processing) and carbon sequestration (through deposition; Caliman et al. 2013) . Where manipulations of animals are logistically unfeasible, an alternative is coupling ecosystem models with observations of functions and climates across gradients of natural diversity. In our data set, observational studies are underrepresented compared with manipulative experiments and are almost completely missing from climate change studies. We can use observational approaches to understand patterns at large ecological scales and to use manipulative experiments to determine the underlying mechanisms.
Research on how biodiversity may mitigate the impacts of climatic stressors has the potential to guide practical actions. The maintenance or restoration of biodiversity has been proposed as part of an overall ecosystem-based adaptation strategy (Vignola et al. 2015 , Scarano 2017 . However, research is still focused on ecosystem processes that are not fully linked to human well-being, despite the well-documented importance of biodiversity for humanity (Cardinale et al. 2012 , Isbell et al. 2017 . We therefore urge researchers to consider the subset of ecosystem functions that can be classified as ecosystem services-that is, that are of particular economic or cultural importance for humans. Although the change in all ecosystem functions is of obvious concern, research may resonate most strongly with policymakers when it focuses on ecosystem services (Scarano 2017) .
Conclusions
How natural ecosystems will adapt to climate changes is a challenging question for ecologists, conservationists, and policymakers worldwide (Hooper et al. 2005) . In this context, it is crucial that we understand the importance of biodiversity in assuring ecosystem services at both local and global scales. Biodiversity consistently affected ecosystem stability, but its effects were lower for climatic stressors, such as drought and elevated temperature. This result may be a result of the spatial scale of experimental species pools being smaller than that required to encompass species with different climatic niches. However, it is worth noting that important areas of parameter space are currently unrepresented by studies, potentially biasing our understanding of how biodiversity could buffer climate change. We suggest strategic actions for researchers to understand the role of biodiversity in altered climates: (a) to increase the spatial scale that biodiversity is manipulated in experimental studies; (b) to manipulate climate in realistic ways, either using well-established predictions from global circulation models or by covering a broad and continuous range of climatic parameter space; (c) to perform long-term monitoring of experiments or observations, suitable for resilience measures; (d) to cover underrepresented combinations, such as rainfall effects on aquatic systems and temperature effects on terrestrial systems; and (e) to explicitly link ecosystem functions to ecosystem services to reinforce the arguments for policymakers and governments.
